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Joseph R. Ecker to be evoked by structurally active BRs and not by other
Department of Biology plant hormones including auxin, belying the specificity
Plant Science Institute of the response. Given the major effect of BRs on cell
University of Pennsylvania elongation in most plant tissues, it is striking that BRU1
Philadelphia, Pennsylvania 19104-6018 encodes a protein that shares amino acid sequence
similarity and biochemical activity with a family of xylo-
gucan endotransgycosylases (XETs). Xyloglucans are a
Plant biologist are pumped up about steroids! While it component of the plant cell wall and because XETs can
has long beenknown that plants can synthesizea variety catalyze the breaking and rejoining of these molecules,
of steroidal compounds, a biological role for these ani- BRU1 may be necessary for cell expansion. Additionally,
mal hormones in plant growth was not evident. Some expression of the TCH4 gene, a BR- and touch-induced
of these substances are related to the powerful insect XET in Arabidopsis, was found to be highest in BR-
molting hormone ecdysone, providing the plant with a induced elongating tissues. Although it may not be a
potent defense mechanism against hungry larval invad- driving force in the process, an increase in cell wall
ers. A clue to their importance in plant growth and devel- loosening provided by XET activity isa likely prerequisite
opment came when a group of sterol-derived com- for cell elongation to occur.
pounds were partially purifed from pollen of Brassica However, the wake-up call for most of us came with
napis. These so called brassins were shown to possess last year's discovery of mutants in Arabidopsis that are
remarkable hormone-like effects when applied exoge- defective in the synthesis of brassinolide. The excite-
nously to plant tissues (Mitchell et al.,1970). The growth- ment revolves around the reclassification of a group of
promoting effects of chemical extracts prepared from dwarf mutants that include the previoulsy known de-
pollen had been known since the 1930s. However, it etiolated2 (det2), dwarf1 (dwf1)/diminuto(dim1) and the
was not until 1979 that a major breakthrough in this identification of several new mutants including constitu-
field was made when chemists solved the structure of tive photomorphogenesis and dwarf (cpd) (reviewed in
brassinolide (Grove et al., 1979), the most biologically Yokota, 1997). Alleles of dwf1 and cpd are also known as
potent of all the brassinosteroids (BRs) (Figure 1). This cbb1 and cbb3, respectively, because as rosette plants
40-year-long drought in plant steroid hormone research their phenotype is reminiscent of a head of cabbage.
may be understandable given that biochemists required These plants are extremely stunted with dark-green,
over 500 lb of bee-collected pollen as starting material compact rosette leaves, and if they produce an inflores-
for the purification of only 10 mg of product! While bras- cence at all, the flowers are sterile. In darkness, these
sinolide is most abundant in pollen, using sensitive ana-
mutants show a morphology similar to light-grown seed-
lytic techniques, it can be found in most tissues of the
lings including a short hypocotyl, open apical hook, ex-
plant and ubiquitously in the plant kingdom (Mandava
panded cotyledons, early leaf initiation, and activation
1988).
of a variety of light- and stress-regulated genes. Hence,
With a sufficient quantity of pure compound in hand,
with good reason, several of these dwarf mutants were
physiologists were now able to more rigorously examine
thought previously to be defective in genes encoding
the effects of BRs on plant growth and development.
signaling pathway components for light-regulated de-They demonstrated that, when applied to tissues in ex-
velopment. Cloning of DET2 (Li et al., 1996) and CPDtremely small amounts, brassinolide promoted cell elon-
(Szekeres et al., 1996) revealed that these genes en-gation, organ bending, cell differentiation and a host of
coded proteins with similarity to mammalian steroid 5a-other effects in a variety of plants (reviewed in Sakurai
reductases and a cytochrome P450/steroid hydroxy-and Fujioka, 1993). Thus, BRs fulfill several of the key
lase, respectively, which suggested a role in steroidrequirements to be classified alongside the five classical
biosynthesis. Treatment of plants with brassinolide fullyplant hormones (Kende and Zeevaart, 1997) auxin, ethyl-
restored the normal etiolation phenotypes of dark-ene, gibberellic acid, abscisic acid, and cytokinin: they
grown det2, (Li et al., 1996), cpd and dwf1/dim1 (Sze-are produced ina broad range of species and are biolog-
keres et al., 1996), and cbb1 and cbb3 (Kauschmann etically active at very low concentrations (nM to pM).
al., 1996). Brassinolide treatment also promoted a nor-Still, plant scientists have been slow to accept that
mal wild-type growth habit in these mutants when grownBRs are true hormones. Critics bemoaned that before
in the light. det2 and cpd mutants are defective in differ-BRs can take their place among the ªbig-fiveº classical
ent steps in brassinolide biosynthesis (Figure 1). Appli-hormones, they must be shown to possess a unique
cation of various biosynthetic precursors of brassinolidebiological activity. Plagued by reports that many of the
to cpd seedlings allowed the precise positioning of theirfunctions ascribed to BRs could be simply explained
block in the pathway, and this block is at a point differentby synergy with auxin or the other growth-promoting
from that predicted for det2 mutants, on the basis ofhormones, bio-assays specific for brassinolide were de-
the functional conservation of mammalian steroid 5a-veloped (reviewed in Clouse, 1996). Molecular genetic
reductases and DET2. In an amazing demonstration ofapproaches to study the action of BRs have now re-
this conservation of function, expression of DET2 in hu-sulted in the identification of BR up-regulated (BRU)
man cells was able to catalyze the 5a-reduction of pro-genes from soybeans. BRU1 expression in soybean hy-
pocotyl, a classical auxin-responsive tissue, was found gesterone to 4,5-dihyrdoprogesterone (Li et al., 1997).
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Figure 1. Pathway for the Biosynthesis of
Brassinolide from Campesterol
Positions of two Arabidopsis brassinolide
biosynthetic pathway enzymes are indicated.
DET2, a steroid 5a-reductase, has been
proposed to function in formation of (24R)-
24-methyl-5a-cholestan-3-one from (24R)-
24-methylcholest-4-en-3-one, the second com-
mitted step in the pathway (Li et al., 1997).
CPD acts in the conversion of cathasterone
to teasterone (reviewed in Yokota, 1997) and
may encode a steroid 23-hydroxylase (Sze-
keres et al., 1996).
Conversely, expression of the human steroid 5a-reduc- to the signaling pathway of interest (cytokinin). It is com-
forting to note that the BR-insensitive mutants (bri1 ortase in the Arabidopsis det2 mutant was able to comple-
ment the growth defects in this plant. BR-treatment of cbb2) display phenotypes when grown in light or dark-
ness that are nearly identical to those observed in theother mutants belonging to the cop, det, fus, and axr
classes of mutants also partially restored their hypocotyl hormone-deficient plants (det2 or cpd) (see Li and
Chory, 1997, this issue of Cell). bri1 and cbb2 mutantselongation defects, suggesting an interaction of the BR
pathway with these genes as well (Szekeres et al., 1996). show an absence of brassinolide-specific responses
and show relatively normal responses to other hor-Additionally, there is now good evidence for the exis-
tence of BR-deficient dwarf mutants in other species of mones. In the case of cbb2, an absence of hormone-
inducible expression was also observed for the BR-reg-plants (reviewed in Yakota, 1997), further confirming
their importance in plant development. ulated genes TCH4 and meri5 (Kauschmannet al., 1996),
providing additional molecular evidence of hormoneThe discovery of brassinolide-deficient dwarfs has
evoked renewed interest in steroid research in plants. specificity. Further, Li and Chory (1997) describe a large-
scale screen for new BR-insensitive mutants. Out of aTaken together, these results surely convince even the
most ardent of skeptics of the importance of BRs in total of 200 det2-like plants identified, 18 brassinolide-
insensitive (bin) mutants were isolated. Quite surpris-growth and development and solidify their description
as plant hormones. But that's not the end of the story, ingly, all 18 mutants were found to be alleles of the same
gene, which they called bin1. Genetic complementationsince real hormones have receptors. It is difficult to
apply this criterion as a yardstick for the measure of a studies made possible by the semisterile bin1-1 allele
revealed that bin1 is an allele of bri1. Moreover, basedplant hormone, as currently only the simple gas ethylene
would cut the mustard (Kende and Zeevaart, 1997). Un- on their genetic map positions, bri1 and cbb2 are also
likely to be allelic. In short, using three different mutantdaunted and with phenotype inhand, the hunt for brassi-
nolide receptor and signaling pathway mutants was on! screens, only a single brassinolide signaling gene was
identified; there are now 20 alleles of bri1 (cbb2).Sure enough, among the dwarf mutants tested for resto-
ration of growth by treatment with BRs, a single mutant The chemical similarity of brassinolide to steroid hor-
mones in animals and the seeming dearth of signaling(cbb2) was discovered to be unresponsive to the hor-
mone (Kauschmann et al., 1996). A nearly simultaneous mutants, (which may be indicative of a short signaling
pathway), led to the suggestion that steroid perceptionreport on the identification of another brassinolide-
insensitive mutant (bri1) was made that utilized a more in plants may be similar to animals. There was an expec-
tation among investigators in the field that bri1 mayclassical root growth inhibition screen for hormone in-
sensitivity (Clouse et al., 1996). Caution must be exer- encode a protein with similarity to the well-known family
of nuclear steroid receptors in animals. Although nocised when interpreting the phenotypes of hormone-
insensitive mutants obtained using screens requiring such plant protein had yet been observed in the se-
quence databases or in direct searches by many groupshigh levels of growth regulators. For example, it is well
known that exogenous application of the plant growth for the plant orthologs, this is not an unreasonable as-
sumption. The guessing is now over. Li and Chory (1997)regulator cytokinin can induce the biosynthesis of a sec-
ond hormone, ethylene. As a consequence, screens for report the cloning of a BRI1 gene using a map-based
approach. Searches of the sequence databases withresistance to the effects of high levels of cytokinin can
yield mutants (ethylene insensitive) not directly relevant BRI1 revealed an interesting surprise. While this protein
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more often than not highly indicative of protein function,
there is not yet a precedent for LRR interactions with
nonprotein ligands. Interestingly, buried amongst the 25
LLR repeats in BRI1 is the presence of a unique stretch
of 70 amino acids that may serve this role. In support
of this hypothesis, a substitution mutation in a single
amino acid within this domain results in a severe loss
of BRI1activity. Analternative todirect binding of brassi-
nolide by BRI1 may be provided by a protein intermedi-
ary that first binds to brassinolide and mediates its inter-
action with the LRR domain of BRI1. In this regard, the
presence of sequences in the Arabidopsis expressed
sequence tag (EST) database with similarity to mammal
steroid-binding proteins has not gone unnoticed.
Future research into the role of BRI1 in brassinolide
Figure 2. Structural Similarity of BRASSINOLIDE INSENSITIVE1 signaling will obviously require pharmacokinetic studies
(BRI1) and Other Plant LLR-containing Signaling Proteins using recombinant proteins and radiolabeled ligands to
LRR, leucine-rich repeat; Kinase, serine-threonine kinase; BRs, characterize receptor/ligand interactions. Additionally,
brassinosteroids; LZ, leucine zipper, TIR, Toll-IL-1R homology do-
given the putative membrane localization and predictedmain; NBS, nucleotide binding site. Adapted from Baker et al., 1997.
kinase domain of BRI1, it likely transmits an intracellular
signal(s) to one or more targets. What are these targets?
showed similarity to a class of receptor-like molecules, Why have no other brassinolide-insensitive loci been
it was not a class known previously to be involved in revealed by the mutant hunts? With these and many
steroid signaling events. BRI1 belongs to a family of other equally interesting questions to occupy the days
plant receptor-like transmembrane kinases (RLKs) and nights of hormonologists, the future looks BRI-ght
known as leucine-rich repeat (LRR) kinases (Braun and for steroid signaling research in plants.
Walker, 1996). Members of this family contain an LRR
motif composed of a variable number of tandomly ar- Selected Readings
ranged, leucine-rich repeats with a consensus core se-
Baker, B., Zambryski, P., Staskawicz, B., and Dinesch-Kumar, S.P.quence (L-x-x-L-x-L-x-x-N-x-L) that is sometimes im-
(1997). Science 276, 726±733.perfect. The predicted extracellular LLR domain is
Braun, D.M., and Walker, J.C. (1996). Trends Biochem. Sci. 21,followed by putative transmembrane and intracellular
69±73.
serine/threonine protein kinase domains (Figure 2). The
Clark, S.E., Williams, R.W., and Meyerowitz, E.M. (1997). Cell 89,
LLR motif is found in a variety of proteins from bacteria 575±585.
to man, all of which appear to be involved in protein±
Clouse, S.D. (1996). Plant J. 10, 1±8.
protein interactions (Kobe and Deisenhofer, 1995). In
Clouse, S.D. Langford, M., and McMorris, T. (1996). Plant Physiol.
Arabidopsis, some of the more notable members of the 111, 671±678.
LLR-kinase family include ERECTA (Torii et al., 1996) Grove, M.D., Spenser, G.F., Rohwedder, W.K., Mandava, N., Worley,
and CLAVATA1 (Clark et al., 1997). By extrapolation from J.F., Warthen, J.D.,Steffens, G.L., Flippen-Anderson, J.L., and Cook,
their mutant phenotypes, these proteins serve roles in J.C. (1979). Nature 281, 216±217.
controlling organ shape and cell number, respectively, Kauschmann, A., Jessop, A., Koncz, C., Szekeres, M., Willmitzer,
L., and Altmann, T. (1996). Plant J. 9, 701±713.in the meristem. However, in both cases the ligands
to which they bind have not been identified. The Xa21 Kende, H., and Zeevaart, J.A.D. (1997). Plant Cell 9, 1197±1210.
protein in rice also shares similarity in sequence and Kobe, B., and Deisenhofer, J. (1995). Curr. Opin. Struct. Biol. 5,
409±416.structure with BRI1. This LLR kinase confers gene-for-
gene resistance to the bacterial pathogen Xanthomonas Li, J., Nagpal, P., Vitart, V., McMorris, T.C., and Chory, J. (1996).
Science 272, 398±401.oryzae and, like a number of other LRR-domain proteins,
Li, J., and Chory, J. (1997). Cell 90, this issue, 90, 929Ð938.acts in the recognition of a pathogen ligand and subse-
Li, J., Biswas, M.G., Chao, A., Russell, D.W., and Chory, J. (1997).quent activation of intracellular signaling processes (re-
Proc. Natl. Acad. Sci. USA 94, 3554±3559.viewed in Baker et al., 1997). Other members of the LLR
Mandava, N.B. (1988). Annu. Rev. Plant Physiol. Plant Mol. Biol. 39,kinase family in Arabidopsis include TMK1 and RLK5
23±52.(see Li and Chory, 1997). Even less is understood about
Mitchell, J.W., Mandava, N., Worley, J.F., Plimmer, J.R., and Smith,their functions since corresponding mutations in these
M.V. (1970). Nature 225, 1065±1066.genes have not yet been identified. If results from se-
Sakurai, A., and Fujioka, S. (1993). Plant Growth Regul. 13, 147±159.quencing of the first few percent of the Arabidopsis
Szekeres, M., Nemeth, K., Koncz-Kalman, Z., Mathur, J., Kausch-genome are any indication, then LRR kinases are going
mann, A., Altmann, T., Redei, G.P., Nagy, F., Schell, J., and Koncz,to be an abundant class of signaling molecules and, by C. (1996). Cell 85, 171±182.
inference, an important one. To date, the presence of
Torii,K. U., Mitsukawa,N., Oosumi, T., Matsuura, Y., Yokoyama, R.,
LRR kinases has not been observed to extend beyond Whittier, R.F., and Komeda, Y. (1996). Plant Cell. 8, 735±746.
the plant kingdom. Yokota, T. (1997). Trends Plant Sci. 2, 137±143.
Is BRI1 a receptor for brassinolide? The answer is
that it is too soon to tell. However, it is surely a very
good candidate for one. While sequence predictions are
